Abstract-Si-based micro pulsating heat pipes ( PHP) charged with HFE-7100 were tested at several heating powers with two orientations, = 0 0 and 90 0 . The width of the channel is 0.8 mm in a PHP having uniform channels, and 1.0 mm or 0.6 mm in the other PHP. The depth of each channel is 0.25 mm. The overall size of each PHP is 60 mm × 10 mm × 1.25 mm. Both visual observation and temperature response of the present PHPs at various conditions were performed. The performance was compared between two PHPs having either uniform channels or non-uniform channels at difference heating powers. Results showed that both PHPs could not start the pulsating two-phase flow in the channel of PHPs as the PHPs were operated horizontally at heating power ranging from 1 W to 7 W, except when the PHP having non-uniform channels was tested at heating power of 7 W. Unlike the failure start-up for horizontal arrangement of PHPs, PHPs with a vertical arrangement shows a significant start-up phenomenon for both PHPs with uniform and non-uniform channels due to the assistance in the start-up of both PHPs arising from gravity force.
INTRODUCTION
Since all consumers hunger for faster, slimmer, more versatile, and more powerful electronic systems, the amount of both heat dissipation and heat flux for an electronic chip or device is continuously increasing. Due to the gigantic rise of heat flux or power density of a chip, effective thermal management has become the most urgent problem that must be resolved for further development of electronic devices. Heat pipes have been widely applied in the electronic cooling field since they are able to transfer a huge amount of heat with a very small temperature difference. Nowadays, heat pipes have also been used in resolving the enormous spreading resistance caused by the concentrated heat sources.
A pulsating heat pipe (PHP) is normally a capillary tube containing a working fluid of certain charge ratio so that both liquid and vapor phases coexist in the tube having multiple turns. The PHP functions in a substantially different manner as compared to the traditional heat pipes, as it is wickless. Thus, PHPs are possible to be easily manufactured and possess fewer operating limitations [1] . The saturation pressure in the evaporator of PHPs is higher than that in the condenser since it has a temperature difference between evaporator and condenser, thereby resulting in the driving force. Combining with the vapor volume expansion in the evaporating section and contraction in the condensing section, these localized pressure changes create oscillating and circulating motions within the PHP that transfers heat from the evaporator to the condenser via sensible and latent heat [2] .
Due to numerous advantages such as high efficiency, simple structure and low cost, miniaturized pulsating heat pipes are suitable to be heat spreaders on the circuit/substrate level. Recently, a micro-pulsating heat pipe that consists of trapezoidal microchannels with a hydraulic diameter of 394 m fabricated in a silicon wafer was tested by Qu et al. [3] . Results showed that the evaporation, adiabatic, and condensation sections of the micro-PHP were largely occupied by annular, slug, and slug-bubbly flows, respectively, at a steady state characterized by the sustained and self-exciting oscillations of the working fluid. Youn and Kim [4] fabricated a silicon-based micro pulsating heat spreader with channel width of either 1 mm or 0.4 mm. Their heat spreader charged with ethanol reveals a maximum effective thermal conductivity of 600 W/m·K and maximum heat transfer capability of 4 W. Chien et al. [5] successfully start-up novel copper-made PHPs with 16 rectangular parallel channels even with a horizontal operation.
In this study, the Si-based micro pulsating heat pipes ( PHPs) having either uniform or non-uniform channels were fabricated by a photolithography process and DRIE etching. They were charged with HFE-7100 as working fluid. The aim of this study is to investigate the thermal performance of PHPs featuring with a non-uniform channels design in order to introduce an un-balancing capillary force and to improve the thermal performance. Both visual observation and thermal measurements will be conducted to discuss the effect of twophase oscillating flow behavior on PHP performance.
II. EXPERIMENTAL APPARATUS
The schematic of the present apparatus for the PHP experiment is shown in Fig. 1 . Besides the tested PHP sample, the experimental setup comprises an evaporator section, a water loop served as a condenser, and the measurement devices as well as a data acquisition system. The evaporator section is made of a copper block (10 mm × 11 mm) for heating the PHP by providing electric power from a power supply to the heater embedded in the copper block. In order to minimize the heat loss from the heater to the environment, a bakelite board of a low thermal conductivity is installed beneath the copper block. As for the water loop, a water stream for PHP cooling is maintained at a low temperature via a thermostat with its flowrate being measured by a flow meter.
In this study, two PHPs having either uniform or nonuniform channels were made and tested. Detailed geometries and dimensions of the tested PHPs are shown in Fig. 2 . The micro pulsating heat pipes were made of silicon and glass wafers with an overall size of 60 mm × 10 mm × 1.25 mm having 8 parallel rectangular channels. The cross-sectional area of each channel in a PHP having uniform channels is 0.8 mm × 0.25 mm, while the cross-sectional area of the channel in the other PHP is 0.6 mm × 0.25 mm or 1.0 mm × 0.25 mm. The test sample was fabricated using the deep reactive ion etching (DRIE) after one photolithography process, and a filling hole on the glass wafer was drilled using a laser machining. The silicon wafer is anodically bonded to the glass wafer to achieve the tested PHP sample. The working fluid is HFE-7100. After filling working fluid and sealing, the PHP was tested with several power inputs ranging from 2 W to 7 W with either horizontal or vertical orientation. The abovementioned PHP is located above a well-fitted bakelite. A transparent glass is placed on the top of the test section for flow visualization. Observations of flow patterns are obtained from images recorded by a high speed camera (Fastec HiSpec 1). The high-speed camera can be placed at any position above the square channel.
Thermocouples are used to measure the surface and fluid temperature. A total of ten T-type thermocouples are placed underneath the test section for measuring the average surface temperature whereas two thermocouples are used to record the inlet and outlet temperature of cooling water across the condenser. The locations of the thermocouples are distributed below the surface of test section as schematically shown in Fig.  3 . These data signals were individually recorded and then averaged. During the isothermal test, the variation of these thermocouples was within 0.2 C. In addition, all the thermocouples were pre-calibrated by a quartz thermometer having 0.01 C precision. The accuracies of the calibrated thermocouples are of 0.1 C. All the data signals are collected and converted by a data acquisition system (a hybrid recorder, YOKOGAWA MX-100). The data acquisition system then transmitted the converted signals through Ethernet interface to the host computer for further operation.
III. RESULTS AND DISCUSSION
In order to examine the effects of operating conditions on the performance of PHPs, various input powers and orientations were tested. Two PHPs were charged with HFE-7100 as working fluid with charge ratios of 59.3% and 61.5% for the present PHPs having uniform and non-uniform channels, respectively. Two different inclination angles ( ), 0 (horizontal) and 90 (vertical upward), were conducted to test the PHPs. During the experiments, the input power was stepwise increased from 2 W to 7 W to record the temperature response of the PHPs at different input powers. Test results of junction temperature variation with time for PHPs having uniform and non-uniform channels with a horizontal orientation are plotted in Figs. 4 and 5, respectively. For the PHP having uniform channels, the temperature increases considerably with the rise of heating power, and no significant start-up phenomenon can be observed. The reason of the startup failure of the PHP with fewer turns operated at a horizontal orientation is because of the lacking of gravity assistance [6] .
Similar to the tested results of the horizontal PHP with uniform channels, the PHP with non-uniform channels also can not start-up with heating power ranging from 2 W to 6 W as shown in Fig. 5 . However, a slight start-up phenomenon was able to be observed at a higher input power of 7 W as shown in Fig. 5 . Therefore, using non-uniform channels to introduce additional un-balancing capillary force and to adjust the flow resistance is helpful to recover the loss of gravity force as proposed by Chien et al. [5] .
On the other hand, vertical arrangement shows the significant start-up phenomenon for both PHPs with uniform and non-uniform channels as shown in Figs. 7 and 8. It is well understood that the gravity helps to start PHPs up, thereby reducing the thermal resistance when a PHP is placed vertically. The oscillating motion of liquid slugs in PHPs with time recorded by the high-speed camera is presented in Figs. 9 and 10. Comparing the junction temperature variation shown in Figs. 7 and 8, it can be found that the junction temperature at evaporator of the PHP having non-uniform channels is more unstable than that in the other PHP. significantly drops at a heating power ranging from 5 W to 6 It can be observed in Fig. 8 that the thermal performance of the PHP having non-uniform channels significantly drops at heating powers of 5 W and 6 W, but improves at a heating power of 7 W. For further discussion of the flow patterns influence on the thermal performance of PHPs having either uniform or non-uniform channels, time vs. amplitude of slug in both uniform and non-uniform channels in PHPs at a vertical orientation are plotted in Figs. 11 and 12 . Note that the amplitude of slug is a record of the displacement of the liquid/vapor interface in a single channel. The frequency of the liquid slug oscillating considerably increases as the heating power increases as shown in both Figs. 11 and 12. However, an unusual phenomenon of amplitude is shown in Fig. 12 that the amplitude of slug in that PHP significantly decreases with the rise of heating power and periodic 'start-stop' behavior at an input power of 6 W can be observed. Subsequently, further increasing the heating power, 7 W, causes the liquid/vapor interface of the working fluid to move like an intermittent pulse with much larger displacement around 2 cm. Therefore, the thermal performance is highly enhanced at heating power of 7 W.
IV. CONCLUSIONS
Si-based micro pulsating heat pipes ( PHP), which were fabricated by DRIE etching and anodic bonding, and charged with HFE-7100, at several heating powers with two orientations, = 0 0 and 90 0 , were tested. Both visual observation and temperature response were conducted. The performance was compared between two PHPs having either uniform rectangular channels or non-uniform rectangular channels at difference heating powers. The width of each channel is 0.8 mm in the PHP having uniform channels, while the width of each channel is either 1.0 mm or 0.6 mm in the other PHP. The charge ratio for both HPH was 59.3% and 61.5%, respectively.
Results showed that the both PHPs could not start the pulsating two-phase flow in the channel of PHPs as the PHPs were operated horizontally at heating power ranging from 1 W to 7W, except when the PHP having non-uniform channels was tested at heating power of 7 W. Unlike the failure start-up for horizontal arrangement of PHPs, PHPs with a vertical arrangement shows a significant start-up phenomenon for both PHPs with uniform and non-uniform channels due to the assistance in the start-up of both PHPs arising from gravity force. 
